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developed. A soft auxetic structure with compliant ribs is 3D printed simultaneously with each soft 
pneumatic finger for conformal grasping. The fingers of the soft gripper were printed monolithically, 
without requiring support material and postprocessing, using a low-cost and open-source fused 
deposition modeling (FDM) 3D printer that employs a commercially available thermoplastic polyurethane 
(TPU). The soft fingers of the gripper were optimized using finite element modeling (FEM). The FE 
simulations accurately predicted the performance of the fingers in terms of deformation and blocked 
force. Also, FEM was used to predict the behavior of the auxetic structure and its compliant ribs to prove 
that it highly decreases the contact pressure by increasing the contact area between the soft fingers and 
the grasped objects. The contact pressure can be decreased by up to 8 times with the implementation of 
the auxetic structure. Also, the configuration of the highly conformal gripper can be easily modulated by 
changing the number of fingers attached to its base to tailor it for specific manipulation tasks. A wide 
variety of objects with different weights, shapes, sizes, textures and stiffnesses can be grasped using the 
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 
Abstract—In this work, a 3D printed modular soft gripper 
with highly conformal soft fingers was developed. A soft auxetic 
structure with compliant ribs is 3D printed simultaneously with 
each soft pneumatic finger for conformal grasping. The fingers 
of the soft gripper were printed monolithically, without 
requiring support material and postprocessing, using a low-cost 
and open-source fused deposition modeling (FDM) 3D printer 
that employs a commercially available thermoplastic 
polyurethane (TPU). The soft fingers of the gripper were 
optimized using finite element modeling (FEM). The FE 
simulations accurately predicted the performance of the fingers 
in terms of deformation and blocked force. Also, FEM was used 
to predict the behavior of the auxetic structure and its 
compliant ribs to prove that it highly decreases the contact 
pressure by increasing the contact area between the soft fingers 
and the grasped objects. The contact pressure can be decreased 
by up to 8 times with the implementation of the auxetic 
structure. Also, the configuration of the highly conformal 
gripper can be easily modulated by changing the number of 
fingers attached to its base to tailor it for specific manipulation 
tasks. A wide variety of objects with different weights, shapes, 
sizes, textures and stiffnesses can be grasped using the soft 
modular gripper.     
I. INTRODUCTION 
Soft robots are made of extremely deformable materials 
and structures that can withstand large deformations 
repeatedly. Soft robots are inspired by soft biological bodies, 
particularly, those composed of musculoskeletal structures 
such as elephant trunks, octopus’ arms, worms and 
caterpillars [1, 2]. Compared to conventional rigid and stiff 
robotic systems, soft robots are characterized by their 
adaptability, conformability, agility and durability [3]. Soft 
robotic concepts can be used in a wide variety of applications 
such as soft grippers [4, 5], locomotion robots [6, 7], medical 
devices [8] and many others [9]. 
Traditional rigid-bodied grippers have been widely 
considered for picking and placing applications where a 
variety of objects with different weights, shapes, sizes, 
textures and stiffnesses can be manipulated. However, 
conventional grippers are made of stiff materials and rigid 
components that make them unsuitable to operate safely 
alongside humans and in unstructured and dynamic 
environments. The fabrication of these grippers requires 
complex machining and laborious assembly processes. Also,  
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Fig.  1. The 3D printed soft modular gripper in different configurations 
including (a) two-finger configuration, (b) three-finger configuration and (c) 
four-finger configuration.  
multiple sensors along with complex control algorithms are 
required for such grippers to grasp objects safely without 
damaging them by applying sufficient but not excessive 
gripping forces [10]. Therefore, grasping delicate objects in 
dynamic environments using conventional grippers requires 
complex control methods with reliable sensory feedback.  
Grippers that are made of soft and compliant materials 
and structures are perfect candidates for handling delicate 
objects. First, such soft grippers can be fabricated using low-
cost and commercially available soft materials. Second, they 
can handle numerous objects with different stiffnesses 
without requiring any sensory feedback and control systems 
since contact forces are highly reduced. Finally, due to their 
inherent softness, they are safe to operate in dynamic 
environments where humans are present in close proximity. 
The development of universal grippers that can pick and 
handle arbitrary objects remains a challenge within the 
robotics field. To achieve a firm grip, in both static and 
dynamic conditions, a large contact area between the object 
being handled and the gripper is required. The human hand 
that has a multi-finger design is usually taken as a perfect 
model for the development of robotic grippers due to its 
dexterity [11].  
The majority of the soft grippers developed in the 
literature require complex and laborious fabrication methods 
and techniques that involve multiple manufacturing steps 
[12]. A soft robotic gripper can easily adapt itself to the shape 
of objects being handled due to its inherent compliance 
which a characteristic of soft robotic systems [13].  
The majority of soft grippers are activated or driven using 
positive or negative (i.e., vacuum) pressure soft pneumatic 
actuators. Based on soft pneumatic actuators and 3D printing 
different soft grippers with complex topologies can be 
developed to generate various modes of deformation. The 
main soft pneumatic actuators integrated into soft grippers 
are PneuNets [14-19] and fiber-reinforced actuators [20-23] 
where the actuators are fabricated using additive 
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manufacturing techniques such as fused deposition modeling 
(FDM) 3D printing [24-30], multi-material 3D printing [31-
32] and silicone 3D printing [33-34].  
In this work, we present a modular 3D printed soft 
pneumatic gripper for conformal grasping which was 3D 
printed from commercially available thermoplastic 
polyurethane (TPU) as shown in Fig. 1 and Fig. 2. The 
monolithic pneumatic fingers of the gripper were printed 
without requiring any support material and postprocessing in 
a single manufacturing step. Each soft pneumatic finger has a 
soft auxetic structure with compliant ribs integrated into its 
structure that was 3D printed monolithically. The auxetic 
structure increased dramatically the conformability of the 
fingers by increasing the contact area and reducing the 
contact pressure as demonstrated by finite element modeling 
(FEM). The fingers of the gripper were characterized in terms 
of deformation and blocked force. Using FEM, the behavior 
of the soft fingers was accurately predicted, and their 
performance was optimized in terms of deformation and 
blocked force. Also, the configuration of the gripper can be 
easily and rapidly modulated by changing the number of soft 
fingers used to meet certain manipulation requirements or 
constraints. The soft modular gripper can grasp different 
objects with different weights, shapes, sizes, textures and 
stiffnesses which makes it a great candidate for universal 
grasping and harvesting or handling a variety of fruits and 
vegetables.  
 
Fig.  2. 3D printed soft monolithic finger (a) three-dimensional view, (b) top 
view and (c) side view. L: 119, W: 20.1, t1:1.0, t2:0.5, t3:1.50, t4:1.98, 
t5:1.50, α: 44.8°. All dimensions are in mm.  
II. MATERIALS AND METHODS  
A low-cost and open-source FDM 3D printer (FlashForge 
Inventor, FlashForge Corporation) along with a TPU that is 
known commercially as NinjaFlex (NinjaTek, USA) were 
used to fabricate the monolithic fingers. Autodesk Fusion 360 
(Autodesk Inc.) was used to design the computer-aided-
design (CAD) models of the fingers. A commercially 
available slicer (Simplify3D LLC, OH) was used to slice the 
CAD models. The printing parameters listed in Table I  were 
optimized based on recent studies on 3D printing soft 
pneumatic actuators and sensors using FDM 3D printing to 
obtain airtight structures [26-30, 35-36]. The soft fingers 
were printed along their width (W) to ensure that no support 
material is required during the 3D printing process.  
TABLE I.  OPTIMIZED 3D PRINTING PARAMETERS IN SIMPLIFY3D FOR 
PRINTING AIRTIGHT SOFT PNEUMATIC ACTUATORS 
Parameter Value Unit 
Resolution Settings 
Primary Layer Height 0.1 mm 
First Layer Height 0.09 mm 
First Layer Width 0.125 mm 
Extrusion Width 0.4 mm 
Ooze Control  
Coast at End  0.2 mm 
Retraction Settings 
Retraction Length 4 mm 
Retraction Speed 40 mm/s 
Speed Settings 
Default Printing Speed 10 mm/s 
Outline Printing Speed 8 mm/s 
Solid Infill Speed 8 mm/s 
First Layer Speed 8 mm/s 
X/Y Axis Movement Speed  50 mm/s 
Z Axis Movement Speed  20 mm/s 
Temperature Settings 
Printing Temperature 240 °C 
Heat Bed Temperature 32 °C 
Cooling Settings 
Fan Speed 50 % 
Infill Settings 
Infill Percentage 100 % 
Infill/Perimeter Overlap 30 % 
Thin Walls  
Allowed Perimeter Overlap 15 % 
External Thin Wall Type Perimeters Only - 
Internal Thin Wall Type Allow Single Extrusion Fill - 
Movements Behavior   
Avoid Crossing Outline ENABLED - 
Allowed Detour Factor  100 - 
Additional Settings 
Extrusion Multiplier 1.15 - 
Top Solid Layers  10 - 
Bottom Solid Layers  10 - 
Outline/Perimeter Shells  4 - 
Wipe Nozzle DISABLED - 
Support Material Generation  
Support Type  DISABLED  - 
III. MODULAR SOFT GRIPPER DESING 
The aim of this study was to develop a 3D printed, low-
cost modular soft gripper for conformal grasping. To this 
end, soft pneumatic fingers generating a bending motion 
upon actuation were coupled with an auxetic and compliant 
structure as shown in Fig. 2. The behavior of the auxetic 
structure was studied using FEM. A series of designs were 
considered for the soft auxetic structure and simulated to 
enhance its deformation and behavior and to ensure that the 
fingers of the gripper can achieve conformal grasping with a 
wide variety of shapes. The soft fingers that drive the soft 
gripper and deliver the grip forces required to grasp various 
objects were designed to generate a bending motion upon 
their activation. A Zig-Zag structure was chosen in the design 
process of the soft fingers to eliminate any contact between 
the walls of the adjacent chambers upon actuation.  
The bottom layer of the fingers acts as a strain-limiting 
layer that prevents them from extending along their length 
(L). The soft pneumatic fingers are the active component of 
the gripper and the soft and compliant auxetic structure and 
its ribs are the passive component. The auxetic structure and 
its compliant ribs enhance the conformability of the gripper  
  
Fig.  3. 3D printed soft monolithic finger FEM simulation. Bending deformation under an applied positive pressure of (a) 0kPa, (b) 30kPa, (c) 60kPa, (d) 
90kPa, (e) 120kPa and (d) 150kPa. 
Fig.  4. 3D printed soft monolithic finger FEM contact simulations. The soft finger without and with the auxetic structure in contact with (a) and (b) an 
irregular shape, (c) and (d) a bar with a rounded tip and (e) and (f) a sphere.  (g) to (f) The soft finger without and with the auxetic structure contact status in 
each of the corresponding cases.    
by increasing the contact area between the gripper and the 
grasped objects since they adapt to the shape of the objects 
being handled.  
IV. FINITE ELEMENT MODELING 
FE simulations were performed on a soft pneumatic 
finger to predict its behavior and optimize its topology. A 5-
parameter Mooney-Rivlin hyperelastic material model was 
developed based on the TPU experimental stress-strain data 
for use in ANSYS Workbench (ANSYS Inc.) [26]. The 3D 
CAD models of the fingers were meshed using higher-order 
tetrahedral elements where the mesh was studied to verify 
that the results are mesh independent. A fixed support 
boundary condition was applied at the base of the finger to 
fix it and a normal pressure was applied at its internal walls. 
In addition, contact pairs were defined between adjacent 
walls in the auxetic structure and its compliant ribs that come 
into contact upon deformation. The bending behavior of the 
actuator and its blocked force were accurately predicted in 
the FE simulations. The experimental and FEM bending 
angles of the finger at different input pressures are shown in 
Fig. 3 and Video S1 and the experimental and FEM blocked 
forces are shown in Fig. 5. 
  
Also, the FE simulations were performed to assess the 
performance and predict the behavior of the auxetic structure 
when it comes into contact with different shapes upon 
activation of a single finger with positive pressure as shown 
in Fig. 4. For each object, the simulation was performed 
without including the auxetic structure and with the inclusion 
of the auxetic structure to show the difference in the behavior 
of the structure and the difference in the contact pressure and 
area. The FEM proves that the contact area increases with the 
inclusion of the auxetic structure which adapts to the surface 
of the object in contact as shown in Fig 4. Consequently, the 
contact pressure dramatically decreased as presented in Table 
II. With the inclusion of the auxetic structure, the contact area 
between the actuator and the objects increases as shown in 
Fig 4. It is also verified experimentally in Section V (Fig. 6) 
that the actuator cannot grasp and/or maintain grasping the 
different objects used when the auxetic structure is not 
included in its structure. Both the FEM and experimental 
results proved that the auxetic structure included in each 
finger of the gripper is necessary to achieve conformability 
by dramatically increasing the contact area and consequently 
reducing the contact pressure. 
It was proved that conformability improves the payload 
of soft grippers and their grasping capability as demonstrated 
by using fiber-reinforced actuators with conformal sleeves 
[37]. In addition, soft grippers conform to an object by 
making a contact along a surface to match the shape of the 
object being handled and therefore enhance their 
corresponding “shape matching” capability [38]. This finite 
contact (i.e., surface contact) was achieved by implementing 
the auxetic structure to improve the conformability of the 
bending fingers. As demonstrated in the FEM and 
experimental results, before adding the auxetic structure, the 
fingers established a point contact with the objects being 
handled. However, after adding the auxetic structure, a 
surface contact that matches the shape of the objects being 
grasped was achieved and therefore, enhancing the 
conformability (i.e., shape matching) of the gripper.  
TABLE II.  CONTACT PRESSURE BETWEEN THE SOFT FINGER AND THE 
GRASPED SHAPES WITHOUT AND WITH THE AUXETIC STRUCTURE.  
Shape 
Contact Pressure 
CP1 (MPa) 
Contact Pressure 
CP2 (MPa) 
Ratio 
(CP1/CP2) 
Auxetic  NO YES  
Irregular 0.098 0.023 4.276 
Sphere 0.565 0.113 5.011 
Rounded Bar  0.262 0.031 8.574 
V. EXPERIMENTAL RESULTS 
A. Blocked Force  
A 6-axis force sensor (K6D27, ME-Meßsysteme GmbH) 
was used to measure the tip blocked force of a single finger. 
The finger was fixed at one end where the input pressure tube 
is located and its tip was laid on the center of the force 
sensor. The pressure was ramped up by a step of 50kPa to 
reach a maximum safe operating pressure of 150kPa when 
the force was recorded. This value of 150kPa was chosen to 
ensure that safety requirements were met despite the fact that 
the finger is capable of generating higher forces at higher 
input pressures. The experimental blocked force at 150kPa 
generated by a single cantilevered finger is 1.94N as shown 
in Fig. 5.  
 
Fig.  5. Experimental and FEM tip blocked forces for the soft pneumatic 
bending finger. 
B. Two-Finger Configuration Soft Modular Gripper  
The soft gripper can grasp a variety of objects with 
different weights, shapes, sizes, textures and stiffnesses. 
Here we show in Fig. 6 and Video S1 that a gripper with a 
two-finger configuration, where the fingers are not equipped 
with an auxetic structure, is not capable of holding the 
objects grasped. Although the fingers of the gripper are soft, 
they cannot adapt to the shape of the objects being grasped. 
The fingers curl as expected for such soft pneumatic 
actuators, and only their tips come into contact with the 
objects being grasped. This behavior was also observed in 
the FEM simulations (Fig. 4). Such behavior limits the 
contact area between the fingers of the gripper and the 
objects being handled which in turn limits the grasping 
capabilities of the gripper. However, a two-finger 
configuration with an auxetic structure can hold the objects 
being grasped as shown in Fig. 7 and Video S1, except for 
the apple which slipped. We show in Fig. 7 and Video S1 
that a two-finger configuration with an auxetic structure is 
not capable of holding an apple due to slipping. However, 
the three and four-finger configurations were able to grasp 
the same apple. This result proves that modularity is 
necessary, in addition to conformability, for grasping 
specific objects successfully. 
C. Three-Finger Configuration Soft Modular Gripper 
The solid circular base of the gripper contains six slots 
that are equally distributed where the number of pneumatic 
soft fingers can be modulated. In this scenario, the soft 
gripper is changed to a three-finger configuration to grasp 
the same objects including the apple that slipped when it was 
grasped with the two-finger configuration gripper as shown 
in Fig. 8 and Video S1.  
D. Four-Finger Configuration Soft Modular Gripper  
In this scenario, the soft gripper is modulated to a four-
finger configuration by adding an additional soft finger as 
  
 
Fig.  6. The modular soft modular gripper in a two-finger configuration 
without the auxetic structure attempts to but fails to grasp (a)-(c) a lemon 
(105.67g), (d)-(f) an apple (171.95g), (g)-(i) an avocado (219.19g) and (j)-
(l) a tape (12.91g).   
 
Fig.  7. The modular soft gripper in a two-finger configuration grasping the 
same (a) lemon, (b) apple that slipped, (c) avocado and (d) tape.   
shown in Fig. 9. The gripper grasped the same objects 
successfully including the apple that slipped as shown in 
Fig. 9 and Video S1.  
 
Fig.  8. The modular soft gripper in a three-finger configuration grasping 
the same (a) lemon, (b) apple, (c) avocado and (d) tape.   
 
Fig.  9. The modular soft gripper in a four-finger configuration grasping the 
same (a) lemon, (b) apple, (c) avocado and (d) tape.   
VI. CONCLUSIONS AND FUTURE WORK 
We have developed a 3D printed modular soft pneumatic 
gripper with for conformal grasping. The active component 
of the gripper consists of soft pneumatic fingers that generate 
a bending motion upon actuation while the passive 
component consists of an auxetic structure and compliant ribs 
for enhancing the conformability of the soft gripper. This 
design proved its significance for versatile soft modular 
grippers, and the importance of design along with material 
properties. In future work, a single soft pneumatic finger will 
be characterized in terms of response time, hysteresis, 
repeatability, creep and lifetime. Also, the gripper will be 
assessed in terms of grip force using a wide variety of objects 
with different shapes. In addition, since the TPU used is 
characterized by a smooth surface that causes slipping in 
some cases, the surface of the auxetic structure will be treated 
to enhance the friction between the fingers and the grasped 
objects. Finally, the gripper will be mounted on a robotic arm 
to grasp a wide variety of objects from different orientations. 
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